The structure of F13, a plasmid containing lac, purE, and proC, has been determined by heteroduplex analysis. 
the plasmids F13-4 and F210 have been determined. The common sequences of F13 with F152-1 (a derivative of F152, the classical F2gal) and with F13-4 and F210 have been mapped. These results partially map lac, proC, tsx, and purE on F13. On the basis of all of these results, it is proposed that Hfr 13 (the parent of F13) was formed by reciprocal recombination between IS2 on F and an IS2 resident at a point between lac and proC on the chromosome of the F+ parent of Hfr 13. It is proposed that this IS2 and the several af sequences on the chromosomal part of F13 are hot spots for recombination with F, i.e., for Hfr formation. The point of origin and direction of transfer of many Hfr's can be explained by this hypothesis. In particular, the sequence relations of F42-1 (Flac) and of F152-1 (F,gal) with F13 are completely consistent with this model.
In several previous investigations from this laboratory, the electron microscope heteroduplex method has been applied to study the sequence organization of bacterial F' plasmids (18, 21) . Figure 1 depicts the recombination events involved in formation of an F' plasmid, starting with an F+ cell. The sequences on the circular deoxyribonucleic acid (DNA) molecule, ring at a site between the sequences f, and f8 of F and between b1 and bn of the bacterial chromosome. We assume that the structural origin for conjugal transfer is not affected by integration of F. Then the sequences of DNA transferred by the donor upon mating are in the order, f3, f2, fl, b1, b2, ... bn-1, bn, f8, *--f4-Sequences b, and b2 thus carry early or proximal chromosomal markers; bn-l and bn are late or distal markers. Since the property of fertility is itself transferred late in an Hfr mating, some of the genes of F that are essential for that function must be included within f4, A& ..*. f8.
(For genetic evidence as to the position of the region for conjugal transfer on F, see ref. 24.) By the reverse excision process, the Hfr can revert to the original F factor and the original bacterial chromosome. By an aberrant excision, a circular F' carrying F sequences and some bacterial chromosome sequences is formed. If, as in type II excision (Fig. 1) , the recombination occurs between bacterial chromosome se- quences on both sides of F, the resulting F' will contain all of F and both proximal and distal chromosomal sequences depicted as b, and b,.
If the recombination occurs between an F sequence and a chromosomal sequence, as illustrated for the type I excision in Fig. 1 , the F' will be missing a part of F, shown as f1, and carry only the distal chromosomal sequences. To be fertile, this F' must carry the genes essential for fertility, some of which lie in the interval f4, . . . f8. The notations I and II in Fig. 1 are those introduced by Scaife (19) .
Two important general points in the heteroduplex analysis of F' plasmids are as follows. (i) Heteroduplexes between F and an F' give two different general kinds of structure, depending on whether the F' was formed by a type I or a type II excision event. These two kinds of heteroduplexes are depicted in Fig. 1 . In a heteroduplex of F with a type II F', which carries all of the sequences of F, there is a complete circle of duplex DNA consisting of the F sequences. The chromosomal sequences b, and bn are seen as a single-strand insertion loop, which leaves and returns to the duplex at a point.
For the type I F', the heteroduplex with F consists of an incomplete circular duplex containing only those sequences of F present on the F' (f2 . . . f8 in Fig. 1 ). The circle is completed by a substitution loop, one arm of which is the F sequence missing in the F' (in this case, f,) and the other arm of which is the chromosomal sequences (b1bn) that are present on the F' but absent from F.
(ii) The site on F and the site on the bacterial chromosome at which recombination occurred when a particular Hfr was formed can be mapped by heteroduplex analysis of the F'. In Fig. 1 , the recombination sites are shown to lie between f, and f8 of F and between b, and bn Of the bacterial chromosome. In the Hfr chromosome, the junctions lie within the recombinant sequences b1f1 and f8bn. Both of these junctions are present in a type II F'. The b1f, junction is missing, but the f8bn junction is present in the type I F' depicted in Fig. 1 . In the heteroduplexes depicted in Fig. 1 , the junctions cannot be mapped relative to other features of F because there are no reference points on the circular parts of the molecule. However, as exemplified in our several previous papers as well as in the present one, heteroduplexes of the F' of interest with a deleted F or with another suitable reference F' can be used to map the recombination junctions.
Sharp et al. (21) and Ohtsubo and Hsu (manuscript in preparation) have studied the parental F-primes F100 (F,gal), F152 (F,gal), and F8 (F8gal) and/or some progeny F-primes derived by repeated culture in different laboratories of strains originally bearing these parental plasmids. The structures of all these molecules suggest that the parental plasmids were formed by a type I excision. This result is consistent with the genetic properties of the plasmids.
F14 has a structure suggesting that it was formed by a type II excision, but there is no positive genetic evidence that both distal and proximal markers from the Hfr are present on F14 (8, 18) .
By genetic tests, F13 was formed from Hfr 13 by a type II excision; it carries both proximal markers (proC and purE) and a distal marker I (lac) of the Hfr (11, 20 (18, 21) and in a forthcoming paper by Ohtsubo and Hsu (manuscript in preparation).
RESULTS
It will be conducive to clarity, we believe, to first present the final results. The evidence supporting these conclusions will be briefly explained in later sections..
The structures determined for all of the F-primes studied are shown in Fig. 2 122, 1975 chromosome is shown at the top; a left-to-right direction corresponds to clockwise on the circular map (23) . The chromosomal sequences of the several F-primes are similarly ordered. In the present paper, we use suffix B to denote F13 chromosomal coordinates and B* for chromosomal coordinates on any other plasmid. Identical chromosomal sequences on different Fprimes (but not on the E. coli map at the top) have the same vertical position in Fig. 2 . Because of the common order for B sequences, the order of the F sequences is different for those F-primes derived from Hfr's which transfer DNA in a counterclockwise order (F42-1, F152-1, F210) and those F-primes derived from an Hfr which transfers in a clockwise direction (F13, F13-4). It should be noted, however, that in later figures in which the heteroduplex structures of individual F-primes are presented F sequences are always oriented so that their clockwise order is left to right. In such figures, the chromosomal sequences of F13 and F13-4 have an opposite order to that shown in Fig. 2 .
F13 has a molecular length of 384.6 + 6.3 kb, corresponding to a molecular weight of 2.54 x 108. It contains 290 kb of chromosomal DNA. As expected from the model of Fig. 1 for a type II F-prime, it contains the entire F genome. The points of the type II joining event of the distal (to the left of lac) sequence of Hfr 13 with the proximal (to the right of purE) sequences are indicated in Fig. 2 .
Several special sequences of F, sequences that previous studies have shown to be especially active in F-related recombination phenomena (7), occur in interesting ways in F13.
(i) There is a sequence of F with coordinates 16.3-17.6F which we have previously denoted as the ED sequence (7). This sequence has been shown (15) to be identical (at the criterion of base pairing used in heteroduplex analysis) to the insertion sequence IS2 that causes strongly polar mutations in E. coli and in coliphages (12, 13) . IS2 occurs twice on F13, once at each junction of F DNA with chromosome DNA. (In Fig. 2 the sequences are denoted as 2'S'I' because of our convention about the clockwise order on F; the two 2'S'I' sequences are identified by subscripts a and b. In general, special sequences that have a clockwise order on F according to our convention and that are depicted in a particular linear representation in a left-to-right order are unprimed, and inversely.)
It should be noted that in the present paper we consistently refer to the 16.3-17.6F sequence as IS2. The two sequences can hybridize together to form a heteroduplex; this result, however, does not guarantee that they are identical. IS2 is genetically defined as a sequence found as an insertion in some spontaneous strongly polar mutations. This activity may be associated with enzymes coded for by IS2 and with the very specific sequences at the two boundaries. It is not known whether or not 16.3-17.6F does in fact have the necessary functional properties of IS2.
(ii) There is another special sequence, ad, which previous work had shown occurs twice on F with coordinates 93.2-94.5/OF(a3l1) and 13.7-15.OF(a2f32) (Ohtsubo et al. [18] ). We now observe that aC occurs an additional three times on the chromosomal sequences of F13. These sequences are designated a3,33, a4f4, andft5at5
in Fig. 2 ; in F13 the first two have an inverted order and the last the same order relative to the aj3 sequences on F.
(iii) There is a small inverted repeat structure with a loop in the middle on the chromosomal part of F13, designated jj' in Fig. 2 . This small feature, which is seen about 80% of the time when the appropriate region of F13 is otherwise single stranded, is useful as a reference identification feature in the study of various heteroduplexes. We do not know what, if any, biological significance it has.
The F-primes F42-1 (Flac), F210, F152-1, and F13-4 all have chromosomal sequences in common with F13. It was useful, in determining the structure of F13, to determine their structures and to study their heteroduplexes with F13. These results may be summarized as follows. The structure of F42-1 is shown below that of F13 in Fig. 2 . All of its chromosomal sequences are included in the chromosomal sequences of F13. The polarity of the F sequence relative to the chromosomal sequences is opposite in the two F-primes. One junction of F DNA with chromosomal DNA in F42-1 occurs at the a,f, sequence of F. The a,3, sequence and the adjoining chromosomal sequences on F42-1 are congruent with a,3,3 and the adjoining chromosomal sequences on F13 (Fig. 2) . This identity is a very important result for our later discussion.
An additional point is that F42-1 DNA extracted from AT3155 carries an insertion of IS2 at the point 22.4F ( Fig. 2) (14) . This insertion has the same polarity as the 16.3-17.6F IS2 sequence. It is not present in most of the F42 molecules extracted from JC1553 and studied previously by Sharp et al. (21) . We refer to the plasmids without and with the additional IS2 at 22.4F as F42 and F42-1, respectively; the distinction is not important in considering the structure of F13.
The structure of F210 is also shown in Fig. 2 The structure in Fig. 3a(i) shows that all of the sequences of F occur in F13. and varies between these two extremes for the structures of Fig. 3a(i) . These data suggest that IS2 occurs at each junction of F DNA with chromosomal DNA in F13. Several structures in Fig. 3a(iii) and b provide convincing evidence for the presence of (IS2)b on F13; the structure in Fig. 4b shows that (IS2) . is present.
Several of the structures in Fig. 3 [22] ). The molecular length of F13-4 was measured as 98.4 i 2.6 kb ( Table 2) . Figure 8 shows several heteroduplexes that were used to determine the structure of F13-4. The structure of Fig. 8a shows that (Fig. 2) . The incomplete structure depicted in Fig. 6c A point of importance for the later discussion is the fact that the region of chromosomal DNA of F13, which is homologous with F42-1 DNA, has its left terminus at the a.3f3 sequence of F13 (Fig. 2) . This is shown as follows. The structures in Fig. 9b are interpretable by assuming that the duplex regions are the chromosomal sequences of F13 and F42-1. It may be noted in Fig. 9b (13.7-15 .OF) of F42-1 (Fig. 9b) . This again confirms the presence of a4#4 in F13.
The several heteroduplex structures that bear on the relation of F13-4 to F42-1 are shown in Fig. lOa, b , and c. They are consistent with the structure assignments already given and require little comment. Figure 11 shows a complete molecule with the structure depicted in Fig.  lOb . The diheteroduplex structure of Fig. lOc Fig. 2 and in the F13/F42-1 heteroduplex as a loop at 22.4F (see Fig. 9 ). This loop was not present in most of the F42 from JC1553, as described in our previous study (21) . F13-4 is missing the F sequences from 17.6F to 37.8F. Therefore, the region around 22. sequence of F13. In Fig. 12b, F210 is base paired with F13 in the F sequences. In Fig. 12c , these two plasmids are base paired in their chromosomal sequences. Since purE has been identified to be carried in both F13 and F210, the location of purE must be located inside the overlapping chromosomal region, i.e., from 107.OB to 142.8B in F13 coordinates. From the final structure shown in Fig. 2 are transferred as distal genes, whereas purE is a proximal gene on Hfr 13. Accordingly, the excision site for the formation of F13 from Hfr 13 must have F13 coordinates in the interval 60.9B to 107.OB.
The complete structure of F152-1 has been determined by Ohtsubo and Hsu (manuscript in preparation). Relevant features are shown in Fig. 2 . These sequences start at a point to the right of purE (12.1 min). Proceeding clockwise, J. BACTERIOL. there is a segment of E. coli K-12 DNA of length 17.9 kb with no known markers, then a deletion spanning the genes fep, lip (14.6 Fig.  13 and 14 . Such a feature was used to map the hybridized 9.4-kb chromosomal region in this heteroduplex.
As already discussed, the polarity of the F sequences relative to the chromosomal sequences on F152-1 is opposite to that of F13. DISCUSSION The structures of F13 and of the several F-primes studied here are shown in Fig. 2 positions of the purE and lac genes are assigned proC and tsx are known to lie between lac and because the former is carried on F210 and the purE; proB and fep are not carried on F13. latter is on F42-1 and F13-4, as well as on F13.
A detailed model for the integration of F to 759 VOL. 122, 1975 16 shows a map of the relevant parts of the chromosome of E. coli K-12 inferred from the observed structure of F13. In accordance with the model of Fig. 15 , it shows an IS2 at the position proposed for recombination to give Hfr 13. The map also shows the three a,B sequences that occur on the chromosomal part of F13. We wish to suggest that these ad sequences are resident on the chromosome of many E. coli K-12 strains at the positions shown and that they are hot spots for recombination with F to give Hfr's. It is well known that there are hot spots for Hfr formation in E. coli, i.e., that several independently derived Hfr's have the same point of origin and direction of transfer within the resolution of genetic mapping. Of course, this resolution is usually not sufficient to show whether the sites of integration are precisely the same at the level of 100 to 1,000 nucleotides.
In Fig. 16 (Fig. 16) .
In general, it is not known whether F integra- tion into the chromosome typically involves the joining between two points on the DNA molecules where there is little or no homology, as in illegitimate recombination (9) or as in sitespecific X recombination (10), or whether the joining takes place between two sequences which are homologous over a fairly large region. The discussion above suggests that for many cases of Hfr formation the reciprocal recombination occurs between special sequences 1.3 kb in length present on F and on the E. coli chromosome. It is clear that this general hypothesis can be tested by further heteroduplex studies of F' plasmids and/or segments of DNA prepared from Hfr chromosomes.
One qualification with regard to this general interpretation for the particular case of the formation of Hfr 13 should be noted. IS sequences seem to have the property of being readily translocated from one point in the E. coli chromosome to another (12, 13) . Therefore, further work may show that IS2 and/or the several af3 sequences that we propose were present on the chromosome of Hfr 13 are not present at the same positions on all E. coli K-12 strains, especially those that are only distantly related to Hfr 13. Indeed, Roy Curtiss (personal communication) has pointed out to us that Hfr 13, P3, and P804, Hfr's whose structures can be explained by our model, were all derived from the 58-161 subline of E. coli K-12, whereas Hfr OR7, which does not fit the model, was derived from the 112 subline (2) . Figure 16 also shows a proposed structure for Hfr OR7 and a model of the type I excision event giving F210. The type I joining takes place between 12.OF and point f4. This single piece of evidence suggests that a may be a point which is active in half-site specific F recombination phenomena.
Two additional points deserve mention. F13 has a duplication of the IS2 sequence, one at each junction of chromosomal DNA with F DNA. F14 has a duplication of the 2.8-8.5F sequence, one at each junction of chromosomal DNA with F DNA (18 
